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INTRODUCTION 

An ideal or perfect gas is that which strictly obeys gas laws in, „ , 

as gas equal,on PV = RT under all eouditions But ah re ? Bo >" e ’ s law -Charles' law as wel 

oxygen elc., show some deviation ftomihe gas laws particulnrl 83 !? V1Z '’ hydr0 8 e ", helium, nitrogen 

At vety low pressure, the inler-molecuijf orces 1^,,' n, 1°* ttm P e uttures and high pressures 
gases obey the gas equation PV=/?r u * filigible. Therefore at i^.., n 

peSoHdeaf f„ ^ “**-5 °f 


no gas i 
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2.1 ^pnange of State 

The molecules in a liquid have random 
motion. The average kinetic energy of the 
molecules depends upon the temperature. 
The molecules are held together to occupy a 
particular volume due to intermolecular 

attraction. 

Consider water kept in a tray and 
exposed to the atmosphere. Generally, the 
atmosphere is not sa turated with water 
vapours. The molecules of die liquid which 
arenfa state of constant random motion 
collide with each other resulting in exchange 
of kinetic energies. Thus, there exists the 
possibility of a particular molecule in the 
vicinity of water air interface, acquiring 
sufficiently high kinetic energy. This energy 
of the molecule may be high enough to enable 
the molecule to break away from the forces 
of attraction of the surrounding molecules. 
In fact, a molecule on the interface 
experiences minimum force of attraction. 


Solid Liquid 



strong bonds weak bonds 


Gas 


V o* 

D 

no bonds 


Plasma 


electron 

O 



proton 



ionization 


Fig. 2.1 


Such a molecule flies off into vapour phase. When this molecule leaves the liquid, the mean kinetic 
energy of the remaining liquid molecules decreases and there is fall in temperature. This explains 
cooling caused by evaporation. Some vapour molecules in the atmosphere, a lso coales ce a^Tget 
abs orbedJ j N t he water surfaceTT his is c alled condensation .Evaporation and condensation continue 
simultaneously butfot e of evap orat ion jshigherthan theTate of"condHsatibh^ 

^An essential pre-condition for cooling due to evaporation is the capacity of air to absorb more 
moisture/. 


If the liquid is heated, and if the rise in temperature of the liquid is more than the cooling caused 
by evaporation, the temperature of the liquid increases in addition to the increase in the rate of 
evaporation. £ stage wiilc o me when the rate of heat supply is exactly equal to the energy needed for 
evapsption) At thi^stage, evaporation takes place without change in temperature. This ^boilin g At 
the boiling pomtTtHe molecules are pulled further apart and their positions are no longer restricted to 
the space occupied by'the liquid.'This explains the change of state from liquid to gas or vapour Qie 
uraoiintnf wnrV.dQQe.i n pulling the molecules apart measuresjKeTatent heat of vaporisationY\t the 
boiling point, the heat supplied to the liquid is used up only in pulling the molecules apart against the 
forces of intermolecular attraction and hence no rise in temperature of the liquid is noticed till the 
whole of the liquid is changed to the gaseous state* 1 oc^o f - wat er-whs it converted to steam occupies a 
% 9lume_o£J^{Xl_cc. This means that the mean'mtermolecular distance is approximately 11.7 times 
= 11.7 approximately) in a gas than the corresponding liquid. 


ij ^Continuity o> State 

A substance, usually exists in three states viz., solid, liquid and gas. For a long time, it was 
form^ ^ ^ aSCS hydrogen, helium, nitrogen, oxygen, carbon dioxide etc., exist only in gaseous 

nn. Moreover, it was also supposed that the liquid and gaseous states are non-continuous and are 
ncll - v separate from one another. But at high pressure and low temperature, there are marked 
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deviations troni Hoyle s l-w' ^~^ ^ 0 ,hcr 

ggjg§lg«^gg 

liiiutcLtKegaTps^ggsi: asr*"^ 

^^^hcat^its molecules become more 

free to move and acquires a liquid slate i.e., water. 

Furtlier heating, the intemiolccular forces become 
so small, that at a particular temperature the watei 
gets converted in gaseous (i.e., vapour) state Fig. 

2.1. The reverse process is also possible by 
withdrawing heat continuously. Thus all the three 
states of matter are continuous. In other words, 
solid, liquid and gaseous states are the three 
different stages of a continuous phenomenon Fig. 2.2. 

/*■ 

2.3 Andrew’s Experiments on Carbon Dioxide 

Fig. 2.3 shows the apparatus used by Andrew in 1869, Jto 

s tudy the isothermals of c a rbon dioxide at diffe rentJen)geratures. 

"" The apparatus consists of two similar glass tubes A and B, 
having thick capillary tubes at the top and bulbs in the middle. 
Initially in tube A pure dry air is pass ed for a l on g time and t hen 
seaIed~ aT5olh the endsT SimilarTy, in tubefi^ carbon dioxIHe is 
passed fo r a long time (nemTy74TioursTan3 then bothTKe ends' 
arcTscale37Th'e _ lower ends”of BotlftheTuBes^are immersecTm" 
mercury. A'small pellet of mercury is drawn in both the tubes by 
alternately heating and cooling the tubesJBoth the tubes are fixed 
m//_ shaped coppe r vessel havingsteel stoppSrr^TanO'. The 
SesseHsTiUed wittTwuiei. By ifC^wing j/i the plunger, the water 
is compressedramkhepfessureis transmitted to the enclosed gases. 
Pressures q fjheorder of 400 atmospheres can thus be applied. 
Since the pressureTcrairi^^ 

from the volume of air in A, pressure of C0 2 can be calculated 
assuming air to obey Boyle’s law. The volume of CO, is rend 

the volume directly Both 
the tubes arc surrounded by water baths (not shown). Air is Rent 
at constant temperature. The temperature of CO, could be 
maintained at any desired temperature between 0°C to 100°C Tn 
Andrew’s actual experiments, isothermals'WtTd^ n m 
temperatures I3.I”C, 2I.5"C, 3I.I»C, 32.5°C, 35.5»c r ‘ 

Discussion of Results 




Fig 2.3 

and 48.1°C as shown in Fig. 2.4. 


^ H-m the isothermals of C0 2 at various temperatures (Fig 2.4), following conclusion^ « 
law ° f . C0: “ P *° ‘ he ** ^ ' 


.. ~; ’ up to tne poim . }i 

suddenly (enormous decrease) with slight ia& n 
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PIXV , , r- t _ * 

^0^jooin^£BBBSS 3 !I iu i u TUm u\ \rT~niw 

,. lS |, ; ,s been liquefied complete!). U\o pottion 
i V)jrepi^ 0,us *he liquid state of CO,. 

h . mo ourviMTtftuilju\ The 
horizontal portion />'(' has decreased funhoi to 
F(TT 


L , ssU ,v. 3Jhojy»w» />V represent Iho change , 


Isothoims 


^ At 3U°C> the horizo ntal portion is just 
vanish^. This is caHeJ cn ucal isothermal tot 
:\0 Above this temperature 353T* and 


4 $jp'C the horizontal portion does not appeal at 
all and the gas obeys Boyle’s law trotn one etui 
to the other. This isothennals are similar to the 
isothennals tor air as shown in Fig. 2.4. \ 

4. Thus, for CO : . the critical isothennal 
divides into two regions. A bove the critica l. 
isothennal..Ut ^GCLjias.cannot be liquefied 
howsoever large the applied pressure may boo 
Below lhe“cri5eal isothennal. CO : gas can be 
liquefied by the application of pressure alone. The 



Fig 2.4 Isothennals of CO, and air 


dotted curve whose highest point P is called the critical point and the temperature 31.1 °C of the 

isothermal is called the critical temperature. 

/* 

y 

2.4' Critical Constants 

t It Critical temperature (T f ): It is denned as the maximum temperature at which a gas can be 
liquetied by the increase of pressure alone. Above this temperature, the gas cannot be liquetied 
howsoever large the applied pressure may be. 

2.) Critical pressure (P c ): The pressure neces sary, to-liquefy a gas at critical temperature is 
callejfthe critical pressure. 

Critical volume (V c ): It is the volume which unit mass of a gas occupies at the critical 
temperature and critical pressure. 


(j/ Critical point: It is that point on the isothennal for the critical tempe rature a t which the 
change of state from the gaseous state to me liquid stateTakes plactrTntdt5Tcwstai« values of P c 


T hese three quantities. T. , P^ and are. called critical constants, of a gas. 


and F.. 


2.5 Behaviour of Gases at High Pressure 

The isothermals between PV and P for various gases have been drawn and the general nature of 
the curves is as shown in Fig. 2.5. 

The general nature of the curves is the same for all gases. 

1. At high temperature, the value of PV increases with increase in P. 

2. At lower temperatures, the value of PV decreases initially with increase in P. It becomes 
minimum at a particular pressure and then increases with increase in pressure. The locus of these 
minima is shown by the dotted curve A. 

3. At temperatures below the critical temperature, there is a sudden decrease in the value of P 1 
with increase in pressure. This corresponds to the change of state front gas to liquid. When the 
'^faction is complete, PV gradually increases with increase in P. The shaded area represents the 
re E>on of liquefaction. 
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* Heat Thermodynamics and Statistical Phvsics 



Thus, the Boyle's law PV=gT is obeyed only under 
ideal gnomons, ae.. at high temperature and low pressure. 

Attempts were made >o modify Bovle's law. Based on 
Acexpenmental results of Andrew. Amagat and Holbom 
K. Onnes suggested for all real gases at lush pressure and 
A ““““ lemperanire. an empirical relation 

PV=A + BP + C? + Df + . 

»taeA, B, C, D, etc. are consume for a given temperate 
d e pe nding Mute uaure of the gas and are called virial 
uouffioents. A is called ihe first virial coefficient. B the 

maanitude.i e a'>b>T>d‘ d order of 

of i= order of'lO' 3 whileOA^f 1°^™0'^ ? 

Tnf b£C T 65P ^°’“i™ 0 ” «0reduces 
negligible in u^nta‘ OTm becom ' 
then gases obey Bovle's law accurately -1 °" ‘"““ re 30(1 
higher is the degree of accuracy. ' 0 '' erth5 P ress “re, 


Boyle Temperature 
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and 


13 = dp ( pv )=° 
PV = -4 = constant. 


- * — vtvjiiauuu. 

From Van der Waals’ equation of state for a real gas 

/ \ 


P + 


(V-b) - 

\ ' J 

where a and b are Van der Waals’ constants. 
Solving eq. (Hi), we get 

PV-Pb + £-“± = RT 
V yi 


or 


we can write approximately, 


PV = RT+Pb- 77 + 


a , ab 


V v 2 


v = BL 

P 

Putting this value of V in equation ( iv), we get 


PV = RT + Ph —— P 4- ab 
RT tfT 1 


= RT+[b —, 
l RT) 


_ JL_) p + ah pi 


R 2 T 2 


Comparing this with equation (2.1), we have 

A = RT, B = b- and C=~ 

RT R 2 T 2 

At Boyle Temperature T=T B and B = 0, therefore, we have 

n 


0 = b- 


RT b 


.Ji) 

(U) 

...(Hi) 


.(iv) 


...(v) 


...(VI) 


Xvii) 


or 


T n = -777 


Rb ...(2.2) 

This equation gives the value of Boyle’s temperature for all gases obeying Van der Waals’ equation 
of state. Clearly Boyle temperature (T B ) depends upon a and b which are different for different gases. 
Hence Boyle temperature is different for different 
gases. For nitrogen T B is 50°C, for hydrogen it is 
-169°C while for helium it is - 254°C. 

The behaviour of gases above, below and at Boyle 
temperature is expressed by plotting the product PV 
against P for different temperatures (Fig. 2.6). The 
general nature of the curves is the same for all gases. 

Following conclusions can be drawn: 

!• Below Boyle Temperature, (T < T B ) : The 
value of PV first decreases (as B is -ve) with increase 
reac ^ es a minimum at a particular pressure and 
1 en begins to increase. This is because at high 
Pressures the terms CP 2 , DP 3 etc. of equation (2.1) 
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Mont/ Thermodynamics and Statistical I liysics 

• • i ii.nc />v increases willi increase in P after read,. 

'“" ac ' i "" bec, ' usc hdw " K 

indicates that the interinolecular attract,,, 


with increase in /’. This is because, the coefficient 
terms on U.U.S. of equation (2.1) are positive. It now 

now less signilicanl. Thc pr(K , ucl j>y is almost constant for a long ran;. 


3. At Boyle temperature (7 - 7«) : * * K 


pressure. Thus. Boyle’s law is obeyed over a wide range of pressures. 

Thus below the Boyle temperature, the gases are highly compress. b e and this suggest 
existence of interinolecular attraction. Beyond Boyle temperature, Boyle s law is obeyed and 


I'd 


existence 

molecular attractions arc less significant. 

Definition: Boyle temperature is that temperature above which a real gas behaves like an 
gas and obeys Boyle’s law. 

2.7 Reasons for Modification of Gas Equation 

The perfect gas equation PV = RT is not obeyed by real gases, particularly at high pressure s 
low temperature. At ordinary temperatures and pressures, thc deviation is small but at high pressup 
and low temperatures the deviations are very large. In the derivation of the perfect gas equation, 
the basis of kinetic theory of gases, the following assumptions have been made, which do not hn 
true in case of real gases. These arc (i) thc size of the molecule of thc gas is negligible, and (ii) 
forces of intermolecular attraction are absent. But in actual practice, at high pressure the size oft), 
molecule of the gas becomes significant and cannot be neglected, in comparison with the volume r 
the gas. Also at high pressure, thc molecules come closer and the forces of molecular attraction in¬ 
appreciable. Hence, a perfect gas equation needs modification. 

2.8 Van der Wools Equation of State 

In 1879 Van der Waals modified the perfect gas equation W = RT by applying corrections for 

JP' Intermolecular force of attraction and *- 

2. Finite size of molecules. 

1. Correction for Pressure: 

Consider a molecule A of the gas, well inside the ‘ 
vessel as shown in Fig. 2.7. It is attracted by other B 
molecujesjn^all directions with ti^a me force ~ a nji — 
fdreejK tingblrt^ strik es the wall of 

the vessel (position‘S’), it is pulled back by other 
molecules. Its velocity and hence momentum with which 
n wiH strike the wall would be less than the momentum 
with wlneh it will strike in the absence of the force of 
attractiolq^Thisreduction in momentum results in decrease 
ofpressumj ^feSCTe 

pressure p depends upon * 10r 

, r th (0 n H ' °/r ICC “ 1CS slriki "8 aunit area per unit time 
of the walls of the container, and mc 

(it) The resultant inward pull of cohesion on each of ' 
the striking molecules. ‘ cn °* 





*4 ; i 


Fig. 2.7 

« • t * \.. i 
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F jcIi of these factors is proportional to the densi ty of the gas. 

1 


Correction for pressure p « p 


P = 



Here a is a constant and V is the volume of the gas. 
Therefore, the corrected or real pressure ^ 

rr" ~T-\T 


= p + 




P + A? 
v- 


J 


PC 


...(2.3) 


_ r J 

where P is the observed pressure. ^ 

2. Correction for Volume : 

Due to the finite size of gas molecules, the actual space available for the movement of the molecules 
is less than the volume of the vessel. The molecules have the sphere of influence (Fig. 2.8) aroun 
them of radius (2r), within which no other molecule can penetrate. 



5 = |jc (2rf = 8 x = 8a 


Here r is the radius of each gas molecule. 

4 3 

Volume of the molecule = x = 

The centre of any two molecules can approach each other only by a minimum'distance of 2 r. Tire 
.m„rof cnTere of influence oTeach molecul e > - 

4 „ n , 

Let us fill the whole space of the volume V with n molecules one by one. 

The volume available for the first molecule — ) 

The volume available for the second molecule =V- 8a 

= V-j \! " L f ’ 

The volume available for nth molecule — [V— (n 1)$]. 

^Average space available for each molecule 
* ^ y + (V -.?) + (V - 2s) +.+ [V ~ (» - 1) s] 


V 


n 


_ {i + 2 + 3 +.+ (n — 1)) 

n n 
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v n » v 


. Hea.J», wn ’ 0Ur 


lodgS#* 


lti M^ 


,djt^ 



be neg 


riected. 


f - 

As the number of mo' 

. Average space n£ ,. 

= V '2 

/j (8*) 

= V"T 

_. v-4(nx) 

Where b = 4^^*^ 

Thus, the Van detraction . 


(v s = 8x) 


w 

/ 


= RT 




where a and b are 




i‘Van der waals constants. 

2.9 ^mpnrison With Experimental PV Curves 

^ validity of Van der Waals equation of state for a gas is tested by comparing its K 

with the experimental results. 

The Van der Waals equation of state is given by 


P +-r 

i V 2 


\ 


(' V-b ) = RT 


or 


P = 


RT 


{V-b) y2 

we see that if V ->«, p _> o. Again if V is very 
small and V -» b, then P -> c* 

A family of plots Le., curves between pressure 
and volume at various temperatures are drawn'usin* 
equation 2.5. The curves are as shown in Fig 2 9 
In the graph the horizontal portion is absent But in 
place of it, the curve ABCDE is obtained tv ? 
not agree with the experimental isothe ’ w S d ° CS 
as oblained by 

has been explained as due to suner ‘J 00 AB 
vapours and the portion ED is c hi , ° lng of l he 

of the liquid. But the portion 
explained because it shows decrease • Cannot b e 

decrease in pressure, which is 1 "! V ° lume With 
practice. At higher temperatures W actl >al 
theoretical and practical PVcJZl h ° WeVer ’ b oth 

s similar. 





Volume 

Fig. 2.9 
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Estimation of Critical Constants 

k^^^onsider the critical isothermal ACB as shown in Fig. 2.10. At 
the critical point C, the curve is horizontal. Therefore, at point C, ^ 

j = 0 • At this point, the tangent also crosses the curve. Therefore, | 

the tangent at such a point is said to be s tationa ry and the point is g 
called ‘the point of inflexion’. At the point of inflexion, we have Q - 


d^P 

dV 


= 0 




Volume > 


2 

Hence, at critical point C, we have —■ = 0 and d P =0 

dv dV 2 

The Van der Waals equation is 

Fig. 2.10 


RT a 

<y-b) v 2 


...(0 

dP RT 2 a 


...(//) 

dv (V-bf V 3 

V o 

J d 2 P , 2RT 6 a 

and , - + - . 

dV (V-b) 3 V 4 

i. 1 o n 

...077) 

At the critical point C, we have 



T=T C , P = P e , V=V e , fb 0and ^ =0 

P e - * 


Substituting in the above equations. 




_ RT c a 
p ‘.~ C V'-b ) v c 2 


rfc _ 




VC 


and 

Dividing (v) by (vi), 


2 & 

(V-bf " vf 


V c -b 


= -r or 


3V c -3b = 2V c 


V c = 3 b 


Substituting the value of V c in equation (v) 


RT 


i, we get 
la 


(3b-by 


RT„ 


(3 b) 
la 


3 


4 b 2 21b 3 


21 bR 


...(tv) 

...(v) 

...(vO 


.(2.7) 


.( 2 . 8 ) 


Scanned by CamScanner 





58 . Heal, Thermodynamics and Statistical Physics 

s ,hc'»al«eoH' c and T f in equation (a-), we get 

8 aR 


Substituting 1 


a 


P c = 27 bR Qb ~ b) (3 b) 
8 a _ <L- 


27x2 b 2 9 b' 


8 

9b 2 L6 


a^l 


9b 


2 3 


a 

Pc = 21b 2 


Critical Temperature and Pressure of Common Gases 


•( 2 /. 


Substance 

w, ”l- 

Critical 

Temperature °C 

Critical Pressure 
(atmosphere) 

Helium 

- 268°C 

2.26 

Hydrogen 

- 240°C 

12.80 

Nitrogen 

- 146°C 

33.50 

Air 

- 140°C 

39.00 

Argon 

- 122°C 

48.00 

Oxygen 

- 118°C 

50.00 

Carbon dioxide 

31°C 

73.00 

Ammonia 

130°C 

15.00 

Chlorine 

146°C 

76.00 

Water 

374°C 

218.00 


Constants of Van der Waals Equ ation 

From equation (2.8), 


But 


Dividing (v/7) by (viii), 



fxt 

b a 


27 RT 


c 1 


21P 




..(Viil 
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...( 2 . 10 ) 



Fig. 2.11. Vander Waals coefficients 
Substituting for b in equation (vii), we get 


a 


Ec. 

8P„ 


21RT C 

8 


RT 27 RT 
a = —x- c 


or 



...( 2 . 11 ) 


v ___ c ^ 

Equation (2.10) and (2.11) gives the value of constants a and b respectively. 1 f'C J 

2.12 Critical Coefficient vf c V, 1 


The quantity (——\is called the critical coefficient. Its value is obtained by substituting the 

v V V 

valuesoTP^ i^ andffi fr 1 —— 


Critical coefficient = 


n y 

RT. 27 bR 


C 


_ P c V c -^yX3 b 

27 b 2 


8 a 21b 1 g 



...( 2 . 12 ) 


The calculated value of critical coefficient —— is ^ and it is the same for all gases. 

' r v 
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60 • Heal, Thermodynamics and Statistical Physio 

Ttie experimental values of critical cocmcient for different gases arc given in Table 2.2. 


Experimental values of Critical < 

DT 

Coefficient 

LOIS. -- 






RT r 

Substance 

T c in K 

P , in atm. 

Specific Volume 

/IV. 



in cm7g 



Helium 

5.1 

2.25 

15.4 

3.13 

Hydrogen 

33.1 

12.8 

32.2 

3.28 

Nitrogen 

125.9 

33.5 

3.21 

• 

3.42 

Oxygen 

154.2 

49.7 

2.32 

3.42 

Carbon dioxide 

304 

72.8 

2.17 

3.48 

Water 

647 

218 

3.181 

4.30 


Note: Here V c = molecular wt. x specific volume. 

The experimental value of the critical coefficient of all eases is greater than the theoretical vili, 
of 2.667. e 

2.13 Limitations of Van der Waals Equation 

1. The values of constants V and l b' obtained by different methods differ considerate 
Although Van der Waals theory assumes them to be constant. The value of a is found to depend on \i 
temperature. At very high temperatures, it tends to zero. 

it is found to'vj^2f, thC0,y ' V ' = 3i> ' bUt UiS f0Und 10depend ° n ,he nalure of S as - Ex f«rintenta% 

3. The theoretical value of critical coefficient £L „ 2 . 667 for aU gases . Howeveri . ( ^ 

SEES: o?r g a V f e ° f 3 7 f0r m0St of ^ *““• ™s constant appears to depend 
Thus no gas obeys Van der Waals equation closely in the vicinity of the critical point. 

2J4 Reduced Equation of State 

When the actual pressure, volume and temperature nfnf a 
critical values of these quantities, the resulting ratine n m&SS ° f a gas are divided by the 

volume (If) and reduced temperature (ntsltel “ ** P ressure 
Thus, we have r F y * 


P - — i/ V 

r p ■ v,= — and r,= 


a 


p=p c p r = -z~p 
r 21b 2 r 

V=V c V r = 3 bV r 

T=T T =z — 8a T 
c r 27 Rb r 
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Chaim ek 2 : Behaviour of Real Gases • 61 
Substituting these values of l\ Vantl T in equation 


P + 


V 


(V~b) = RT 


we get 

f 


a 


a 


T P r+- 2 y 
y 21b~ 9 b 2 V r 2 


(3 bV ~b)~ R ~ a r 

r ' 11 PI, r 


( 


a 


or 


or 


27 b' 




( 


P ' + - 2 2 
V ' 


3 b 
\ 


M)= 

MH r ' 


27 Rb 

8 a T 
21b r 


...(2.13) 


This equation does not contain the constants a and b\ which are characteristic of a particular gas. 
The equation is called Van der Waals reduced equation of State. 


2.15 Properties of Matter Near Critical Point 

Based on experiments of Andrews, Amagat and 
others, the state of matter near the critical point can be 
summarised as follows: 

1. The densities of the vapour and the liquid 
generally approach each other and their densities 
are equal at the critical point. 

2. At the critical point or just near the critical point, 
the line of demarcation between the liquid and 
the vapour disappears. Consequently, there must 
exist mutual diffusion between the two phases 
and the surface tension must be zero. This also 
means that the forces of intermolecular attraction 
in the liquid and vapour states must be equal at 
the critical point. 

3. The whole mass of the substance exhibits a 
flickering experience which indicates that there 
may be variations of density inside mass. This has been experimentally verified. 

4. The compressibility of the vapour becomes infinite at the critical temperature. 

The experiments performed by Callendar and others have shown that the densities of the liquid 
and vapour are not equal at the critical temperature. The densities are equal at a temperature slightly 
higher than the critical temperature. The critical temperature of water is 374°C. It was found that the 
densities are equal at 380°C. At 374°C, the latent heat of water was found to be 72.4 calories per 
gram. At 380°C, the latent heat of water is zero. 

To conclude, the critical point for any substance is not a particular temperature but it is a narrow 
region (critical region) (fig. 2.12). The critical point is that point at which the properties of the 
two phases become identical. 

216 Experimental Determination of Critical Constants 

1- The critical constants can be determined by plotting the isothermals between P and V at 
different temperatures of the gas. The critical point is found on the graph, where the horizontal 
portion of the curve (change from gaseous to the liquid state) just vanishes. The pressure, 
volume and temperature corresponding to the critical point give the critical constants of the 
gas. 
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Fig. 2.12 
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nny change in icinpcniliirc, il iscvklenl ihm n" " llc B as changed and as ihc hath did mil show 

CVKIUII Hull Ihc icinpcrulurc of Ihc gas remained constant. 



According to Joule, this experiment also shows that Ihc inlcrnal energy of a gas is a function of 
temperature only, irrespective of the changes in pressure and volume. 

Thus, so long as the temperature of the gas remains constant, its internal energy remains unchanged 
This experimental result is often referred as Joule’s law and may be stated that the internal energy 
(U) of a gas depends only on its temperature (7) and is quite independent of its volume (V) and 
pressure (P). Mathematically, internal energy (U) is a function of temperature (T) alone i e 

U = /(7) 


and 


m r -» 
(a • m 


and 


(*') = 
l dP Jr 


0 


•O') 


...(H) 

The equation (/) implies that the internal energy of a system does not change with volume or 
pressure so long as the temperature remains constant. The equation (//) indicates that the increase of 
internal energy per degree of temperature is the same, no matter whether the pressure or the volume 
is kept constant during the process. 

ft should be noted that the Joule’s law is obeyed strictly by a perfect gas only. 

flic porous plug experiment designed by Joule and Kelvin, however, showed cooling due to the 
w °rk done by a gas in over-coming the intcr-moiccular attraction when it was passed from the high 
pressure to the low pressure side. 
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18 Expression for Joule's Coefficient Cn) 

hot us consider the free expansion of a real gas in Joule’s experiment. In a real gas, there . 
intennolecular forces and hence the gas is allowed to expand freely. In Joule’s expermimem '' 
intermolccular separation changes and the gas has to do some internal work against the intermole 
forces in separating the molecules further away from each other. This increases the potential en Cr ., 
,K e gas and since no heat is allowed to enter or leave the gas (due to rapid expansion), it will happ,.’ ' 
e cost of its kinetic energy. Thus the K.E. of the gas decreases resulting in a fall of its temper 


the 

the 


Thus, if the intennolecular forces are attractive, a real gas will show a cooling effect when allow 
suffer tree expansion. On tire similar reasoning, we may say that if intennolecular forces are rep,,/ 
the expansion will result on the heating of the gas. But experimentally it is seen that Joule’s expansi ^ 
a real gas always produces cooling and hence the intennolecular forces in a gas are attractive in n; ?' 

The result of a free expansion is measured in terms of Joule’s coefficient, defined by 


Joule's coefficient 


=n =(!£)„ 


Using therrnodynamical treatment and Van der Waals equation of state for real gas (or Van der V, 

gas) we get the value of Joule’s coefficient as vdnaer\\ ; 




-_ 

w/„ ~ c v 


Proof 

In V» WMls (okb of^v' ^ ‘ nl ™ Elision of ihe ^ 

expansion is 8 nst 11118 lnt emal pressure in Joule’s fe 

dW = p jv= dv 

where a is Van der Waals’ constant and V is thtLti t , - -V 

TTt'us, CX P ense °f i* s Vernal kinetic energy and consequently its internal pot* S ma * wor ^ * s dot; 

7 1 Potential energy increase* 

Decrease in internal V p T bj . 

internal K.E. = increase in internal PE 

= -dW 

= ~-~dV 
V 2 


The decrease in internal K.E results il a -O' 1 ’ 

Z7::::rz K due ,o ^ ^ 

Decrease ini, , 8 s 311(1 C v be its molar specific heat i 

ccrease in internal K.E - r dr 

Equating (///) and (/v), we get 




or 


C v dT = 


dT 

dV 


a 

V 2 

1 


dV 


fli: 


_a 
-v V 2 
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Using equation (i), the Joule’s coefficient (r|) will be 


- 

IdV I, 


n _ _ f a 

or 11 * 4V -(•') 

Alternative Method 

Consider 1 kg mole of a real gas which underdoges free expansion in Joule’s experiment. Let dT 
be the change in temperature, corresponding to the change in volume dV, then the Joule’s coefficient 
is defined as 


~ lav/, 


The variation of internal energy U with its volume V at any temperature T is obtained by using 
laws of thermodynamics. According to first law of thermodynamics 

. dQ = dU + dW = dU + PdV ...(«) 

From 2nd law of thermodynamics, in terms of entropy 

dQ = TdS ...m 

Equating (ii) and ( iii ), we have 

dU + PdV = TdS 

dU = TdS-PdV 
For isothermal change, we can write 

(tvt = T (§\- p - <iv) 

Using Maxwell’s second thermodynamic relation 

(S), ■ (I). 

Substituting in equation (iv), we get 

ga ■ aa-' 

According to Van der Waals’ equation of state for a real gas (also called as Van der Waals’ gas), 
r p + Ar\v-b) = RT 

{ v 2 ) 

n RT _a_ 
or P = V^b v 2 

Differentiating w.r. to T, we get 

(v Assuming V constant) 

\dT ly V —b 

Substituting, in equation (vi), we get 

/3U\ _ T + ,..(vii) 

Uv/r “ 'V-b v ~ b V 2 V 2 
The internal energy U is also a function of volume in addition to temperature. 

Hence, for a real gas, U =/ (T, V) ...(vim) 


...(vi) 


(v Assuming V constant) 


...<v«) 


...(vi/0 
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a, 11 

MW,, " (dU\ 

\dfly 

Hui the quantity is defined as C v , the specific heat at constant volume. 

&) = _ J_ (3(7) 

W/|/ C v -\dV) T 

_1_ a_ 

. C v V 2 

nerefore, the Joule’s coefficient defined by eq. (/), 

n = = _J_JL 

iv . \dV lu Cv y 2 ...(2.]4 
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At ordinary temperatures, all gases except hydrogen show cooling effect on passing through the 
porous plug, but hydrogen shows a heating effect. At sufficiently low temperatures all gases show a 
cooling effect. 

2.21 Joule-Thomson P orous Plug Experiment 

The experimental set up for the porous plug experiment to study the Joule-Thomson effect is 
shown in Fig. 2.15. It consists of the following main parts: 

1. The apparatus consists of a porous plug having two perf orated brass discs D, U. 

2. The space between D, D is packed with cotton wool or silk fibers. 

3. The porous plug is fitted in a cylindrical box-wood W v/hich is surrounded by a vessel 
containing cotton wool (Fig. 2.15). This is done to avoid loss or gain of heat from the surroundings. 


Experimental 

Gas 



P 



Fig 2.15 J-T Porous Plug Experiment 

4 . Tj and r 2 are two sensitive platinum resistance thermometers and they measure the 
temperatures of the incoming and outgoing gas. 

5. The gas is compressed to a high pressure with the help of pislon P and it is passed through a 
spiral tube immersed in water bath maintained at a constant temperature. If there is any healing of the 
gas due compression, this heat is absorbed by the circulating waler in the water bath. 


Experimental procedure 

By means of the compression pump P, the experimental gas is passed slowly and uniformly 
through the porous plug keeping the high pressure constant, read by pressure gauge. During its passage 
through the porous plug, the gas is throttled, i.e. the separation between the molecules increases. O 
passing through the porous plug, the volume of the gas increases against the atmospheric presscre. A 
there is no loss or gain of heal during the whole process, the expansion of the gas takes pta 
adiabatically. 
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The initial and final temperatures are noted by means olThc plnllnuin lesisinnce thcrn, ( „ 
and 7\. 

Experimental Results 

Inversion Temperature 

The behaviour of u large number of gases was studied at various inlet lempeiulnies <>f || t( , ^ 
the results obtained are as follows: 

(0 At sufficiently low temperatures, all gases show a cooling effect. 

(ii) At ordinary temperatures, all gases except hydrogen and helium show cooling effect, | ,y (| 
and helium show heating instead of cooling at room temperature, ,f *; 

{Hi) The fall in temperature is directly proportional to the dilference in pressure on || )t . (VV( 
of the porous plug. 11 ' 1 '- 

(*v) The fall in temperature for a given difference of pressure decreases with rise in u, 
temperature of the gas. It was found that the cooling effect decreased with the increase <>| ' 
temperature and became zero at a certain temperature and at a temperature higher than this lem ' ' 
instead of cooling, heating was observed. This particular temperature at which the Joule-Ti" 
effect changes sign is called the temperature of inversion. 1,1 

Definition 

The temperature at which Joule-Thomsot, elTecl is mm and changes sign is k„„w 
temperature of inversion. b b Known 

It is denoted by T i and at this temperature 

2a_ 

RTi ~ 

or j __ 

1 ~ Rb 

when T< T { , cooling takes place, and '" (2j 

T> T, heating takes place, 
helium T i - 35 K, and for hydrogen 7' f = 193 K 

2.22 Regenerative Cooling 

than it n helium is passed thmuni* «i nversion for hydroucr 

fzzSSSZSsS&ttSZii 

sSrcES' f>«»>*» 

orthcr drawn apart from one another. 


I 


I 

'! C 
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Fig 2.16 

Consider one gram molecule of a gas to the left and to right of the porous plug. Let P ,, V, and /> 

V 2 represent the pressure and volume on the two sides of the porous plug. When the piston A is 

move oug a certain distance tic, the piston B also moves through the same distance dx. The work 

done on the gas by the piston A = P,A,<fa = p, y,. The work done by the gas on the piston B = PJUh 

= P 2 V 2 . Thus, the net external work done by the gas is P.V.-P V. 

2 2 11 

If w is the work done by the gas in separating the molecules against their intermolecular attractions 
the total amount of work done by the gas is 


(P 2 y 2 -P l V ] ) + w 

No heat is gained or lost to the surroundings. There are three possible cases 
(0 Below the Boyle temperature, 


P ' V ' <P M 

and P 2 V 2 - PjV, is + ve. w must be either positive or zero. Thus a net +ve work is done by the gas and 
there must be cooling when the gas passes though the porous plug. 

(ii) At the Boyle temperature if P ] is not very high 

P,v x = P 2 v 2 

and P2 v 2- p , v , = 0 

The total work done by the gas in this case is w. Therefore colling effect at this temperature is 
only due to the work done by the gas in overcoming intermolecular attractions. 

(Hi) Above the Boyle temperature 


or 


P,V X > P 2 V 2 
P 2 V 2 - PjVjis-ve 


Thus, the observed effect will depend upon whether (P 2 K, - />, V,) is greater or less than w. 

If w> (PjV, - P 2 V 2 ), cooling will be observed. 

If w < (P, V, - P 2 V 2 \ heating will be observed. 

Pressure C °° lin8 " hea,in S of a 8 a s due to free expansion through a porous plug from a high 

in overcomi ° W preSSUre s,de W,U de P end on (0 lhe deviation from Boyle’s law and (ii) work done 
ercoming intermolecular attractions. 
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2.24 Joule-Kelvin Effect-Temperature of Inversion 

Assuming that the Van tier Waals equation is obeyed, the attractive forces between the ma 
are equivalent to an internal pressure . 

When the gas expands from V, to V 2 , the work done in overcoming intcrmolecular au, iK 


f J 

w = 

h i 


P.dV 


But 


P = -^2 
V 1 


W 


= \' 1JL i dV 

k v 2 

= -±+± 
v 2 Vi 

If V, and V 2 represent the gram molecular volumes on the high and the low pressure S| ,j 
respectively, the external work done by the gas is 

(Wi-w 

Hence the total work done by the gas 

W = (P 2 V 2 -P l V l ) + w 

= Wi-PM) ~y 2 + ^ 

Van der Waals equation of state for a gas is 

P + Ar\v-b) = RT 

v 2 r 

PV + l-bP-^L = rt 
V v 2 . 


or 


or 


PV = RT+bP- ^ 


is negligible 


W = 


RT + bPy -4- 


RT+bPi-*\ 


v \ J 


a . a 

>2 v; 


j_i_ 

v t v. 


L v i 


But 


RT 

P\ 


or 


or 


V, = — 

w 
w 
w 


b l p 2- p i] +2a 
and 

b[ p 2 ~ p \]+ 2 a — 

J RT RT 


RT 

v 2=ir 


P 2 


* «■ V, » 


. 1 • •• i 

t -> ... 

l l; *' * 
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Suppose the fall in temperature is 6/ 

U' = ./// 

= J\MC r 8T\ 

where M is the gram-molecular weigh) of the gas 


or »7' = 

(/) Since /’, - P 2 is + ve 


./Mr,.57' = -b) 

(JM 


HzA 

JMCp j 


ST will be + ve 


i.e ., 


if (rt “ *) is 


+ ve 


— > b or T < — 
fir Rb 


or 


2 ^ 

Therefore, cooling will take place if the temperature of the gas is less than — . 
(ii) For 5T to be zero, from equation (ii), 

— ~b =0 
RT 

T = — 

1 Rb 

This temperature is called the temperature of inversion and is represented by T t 


rr 2 a 
T i ~ Rb 


(iii) 5 T will be negative, if 




ve 


i.e., 


or 


, 2 a 

b > RT 

r, 2a 

T > Rb 
T > T; 


.Mi) 


...(iii) 


...(tv) 


Therefore, heating will take place if the temperature of the gas is more than the temperature of 


inversion. 


Results 

(/) If the gas is at the temperature of inversion, then no cooling or heating is observed when it is 
passed through the porous plug. 

(ii) If the gas is at a temperature lower than the temperature of inversion, cooling will take place 
when it is passed through the porous plug. This is called regenerative cooling or Joule-Kelvin cooling. 
This principle has been used in the liquefaction of the so-called permanent gases like nitrogen, oxygen, 
hydrogen and helium. 

(Hi) If the gas is at a temperature higher than the temperature of inversion, instead of cooling, 
heating is observed when the gas is passed through the porous plug. 
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* Rnvle Temper a ^ ure ’ Tempera,;; 
os>s Relation between Boyie 

inmnlon and Critical Temperature --_ 


Inversion and 

Temperature of inversion, 


T t = 


2 g_ 
Rb 




Boyle temperature, 

It 

-( 2 . 

Critical temperature. 

8 a 

T C = 21 Rb 

-( 2 . 

From (2.16) and (2.17), we have 

T t = 2 T b 


From (2.16) and (2.18), we have 



7j. 2 a 27/?fr 

f ~ Rb' 8 a 

1 C 


= ^- = 6.75 -(2.| 

4 

T 

The experimental value of y for actual gases is just less than 6. 

It means that the temperature of inversion is very much higher than the critical temperature. F 
hydrogen T t = 190 K and T c = 33 K. As T ( > T c , the methods employing regenerative cooling Jou[ : 
Kelvin cooling) are preferred to those employing the initial cooling of the gas below the critic, 
temperature. 


Since ratio y is a number (i.e., 6.75) from equation 2.19, the ratio of temperature of inversit 

*C 

and critical temperature does not depend upon the nature of the gas. 

2.26 Distinction between Joule Expansion, Joule-Thomson Expansio 
and Adiabatic Expansion 


In all the three processes i.e., Joule expansion, Joule-Thomson expansion and adiabatic expansion 
the system under consideration is thermally isolated from external systems, i.e., dQ = 0. In otfc 
words, the heat is neither allowed to enter nor to leave the system. Hence, according to definition.; 
the three processes are adiabatic. But in Joule expansion, the system is also isolated mechanical 
from the external system and hence the net external work done by or on the gas is zero, i.e., 

In Joule-Thomson expansion, on the contrary, the system is not isolated mechanically from it 
externa systems and both the pistons can move keeping the pressures P. and constant. The* 
external work done by the gas in passing through the porous-plug 


w = p 2 v 2 -p iVi 

In adiabatic expansion, the system is not mechanically isolated from the external systems * 
also there is no any attempt to keep the pressure of the gas constant. The expanding gas perfo* 

external work against the pressure of the atmosphere, which is given by 

W = J PdV 
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Here, the energy required for doing this work .1 

from the internal energy of the gas. Hence there is n tu 6 c ° n8lanl external pressure is drawn 
temperature of the gas. UlUL ' S a dccrease ,n energy, resulting in fall of 

Applying the first law of thermodynamics 

dU + (lW !° a ' 1 lhcsc thrce Processes, keeping in mind that dQ = 0, we have 

(/) in Joule expansion, dU = () 

(*0 in Joule-Thomson expansion, dU = -dW = PV - p y 

(i/7) in adiabatic expansion, dU--\ pd v ' ' 

In the first case i e„ Joule expansion, the cooling effect is produced. Here the gas has to perform 
internal wo*^gainst intermolecular forces of attraction Anting free expansion, at the expense of its 
nncrnal kinetic energy. In Joule expansion, where dU = 0, a real gas will always show some cooling 

In the second case i.e., Joule-Thomson expansion, the net external work done by the gas passing 

throug porous, p ug may produce a cooling effect or a heating effect depending upon whether P,V, 
is greater or smaller than P } V v 

However, in the third case i.e., adiabatic expansion, external work is done at the expense of 
internal energy of the gas itself. Hence, there will always be large fall of temperature. In other words, 
in adiabatic expansion cooling is mainly due to external work at the cost of its internal energy ((/). 


2.27 Nature of Van der Waals Forces 

The matter is made up of atoms and molecules and has the tendency to occupy minimum space at 
low temperatures through transforming into liquid and solid state. From this we conclude that the 
atoms or molecules must exert a force of attraction on each other. As the atoms or molecules do not 
lose their individuality inspite of this attractive force, we may further conclude that there must be 
repulsive forces at short intermolecular distances. The simplest model giving rise to such forces was 
assumed by Van der Waal, according to which, “The molecules are hard and impenetrable surrounded 
by attractive field”. 

This model does not explain the observed compressibility of solids and does not agree with the 
modem concept of electronic structure of atom suggested by Bohr and Rutherford according to which, 
“The atom consists of a positively charged nucleus surrounded by negatively charged electrons in 
shells”. Hence, it may be assumed that the forces between atoms and molecules are due to interaction 
between the electrons and the nuclei of the two systems. Hence, we are led to the conclusion that 
intermolecular forces are essentially electrostatic. However, there are also magnetic forces which are 
ordinarily small and may be neglected. These forces of attraction are referred to Van der Waals 
forces. 

Except for atoms having closed shells viz. Helium (He), Argon (Ar), Neon (Ne) etc., almost all 
other atoms are electrically unsymmetrical giving rise to electric dipole. The molecules formed of 
such atoms will also behave as dipoles. The dipole moment of such atoms continuously varies in 
magnitude and direction. Therefore, the average dipole moment is always zero. However, in the case 
of molecules, this average is not necessarily zero. Hence, it posseses permanent dipole moment. Such 
molecules are called polar molecules. On the other hand, if the average dipole moment of a molecule 
vanishes, the molecule is said to be non-polar molecule. 

If such non-polar molecules are placed in an electric field, we get induced dipole. Thus, the Van 
der Waals forces between the molecules of a matter (gas), more conveniently the potential energy o 
the system, may be due to : 

(/) Dipole - dipole interaction. 



■/ 
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It* 1 ) Dipole - induced dipole inlcraclion. 
bVr) Dispersion interaction. ^ 

Thus, there are three types of Van do. \Vaa\ * ^ permanent electric dip|tfr rK I ,,K 

1. Orientation forces between * :x> l iir molecules; these forces arise ^ ' W 

2. Polanzation forces clcclrie field of a polar molecule, and 

3 Dispersion forces bclsvccn non-polar molecules: lliese forces nr.st been .St of tilt■ ftW 
of momentary electric dipole moments due to the rolalionnl motion •• 'be eleclrrjns | |, e 3 
potential energy of wo molecules, at a distance or scpcralion r. due lo Van tier Wards forces W 

shown to be —, where /\ is a constant. 

If two molecules, are very close to each other so that their charge distributions overlj^ 
intermolecular force becomes repulsive. The mutual 
potential energy of two molecules due to the repulsive 

interaction is represented by the empirical expression . 

Hence, the total potential energy of two molecules is 
expressed by 

H A 


Potential of 
Ropulsivo Porno's 

.V' 


Total 


U = 


12 


, r i 

The exponential form c<f r,p where p is a measure of 
the range of interaction is also used for the repulsive 
interaction. 

If we plot the potential energies as function of the 
separation r between two molecules, we get curves as 
shown in Fig. 2.17. The curses for the force 

dU_ 
di 


Potential 


Repulsive 

Forco 

O 

Attractivo 

Porno 



c 

c 

ii 


f = - 


Fin 2.17 


dr 

is shown in Fig. 2.17. It is seen tluii die attractive force between two molecules is clfcclivc wiihk ( 
distance of separation from r„ at which the total potential energies is minimum to r, at which the l V 
becomes negligible. In the case of simple molecules of dinmeier of about 2.5 x 10 ,i.„ 1 ' 

. . 9 in which is about 4tw 

*» «*n.c and covitlcll* 

little mechanical strength. These forces account form' ^ mcll,,lg aml bo ' ,in ^ f )<>i,l,u 

tension, viscosity, cohesion, adhrciom H^^acdon^rgasc^'sohd^^.* 

2.28 Origin of Van der Waals’ Forces 

1; In Polar Molecules 

In a molecule, the protons can be rnnein i 

molecule, This point is called the '-centre of uravhv^ U,a I M)si,i vt ‘ <*argc at some pint if 

?t? a,iVe ChargC “ «» “centre JZ !L” m ***""'■ ly tt,e etc. tHml me ^ 

- "•-w.sssnrarn, 
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t hakuk 1 : Behaviour of Real Gases * 75 

> UV;V v'\\V\s el negativecharge at the chlorine end. In some molecules. 

' ' "' Wwenktl geometrical structures Iam example, in n.o molecule 

N ' ' ' '' ^uuwmmotuc structure; the O U axesare inclined u> 

* U\>\ v 




u\ - *£*■ * 

Vr 

Fig. 2,18 , ,’}\J 

1'.a sv.Nn 1 .uks' con\i\img Oi polar molecules, there are orientation forces between 'molecular 
electric .'.‘.'.vies, vvhnh tend to bring the interacting system into a position of minimum potential 
o.v.gx h can be v.vw n that the mean \ alue of the mutual potential energy of two molecular dipoles 
tn the snKstatvee tv given by ^at high temperatures) s 7-;— l '* , •> r, ' 

1 v ;»•* bfifo ^ 

V 


4ruVn>/V 6 


U 

(In S.l. system) 


v r*> 
..( 2 . 21 ) 


w here N the electric. vV.jvle U\v\t\\ent. is the permittivity of five space, k is Bolt/mann’s constant, 
: s tN the aSolute temperature and r is the distance of seperation. 

Vhe \e stgtt indicates that the force is attractive. The force is given by 


E 


~~5vL _i_ 12 /> 4 


jb-J 4itc 0 3 kTr 7 


." ,\i ) 

\ 

...( 2 . 22 ) 


Thus, the fvtive is proportional h/— 

2v Interaction between a potar and a nonpolar molecules 

^ live electric' field K at a distance r from a molecular dipole of moment p is given by 


W ?' 

..(2.23) 


W 


E = .JL/l + 3cos : 0 

4irr 0 r K \ \ 

where W ts the angle I'etween the direction of r and the axis of the dipole. 

The field E induces an electric dipole moment ij^itv the non-polar m olec ule. The induced dipole 
moment is given by ’ 

...(2.24) 

V) - IE f 

...(2.25) 


w Item « is the polarizability of the molecule. 

The potential energy of the induced dipole in th^ field /;Njs given by 

U = - /), /•; = - (tx E) E = - o/T 


o» 


V = - 


4trr 0 


(X P~ 

■ ‘ {t (1 + 3 co£ 0) 


|r 

I’ 


This is the expression lor the mutual potential energy of the two molecules. The negative sign 
show s Ute force between them is attractive The force is given by 


d/7 

dr 


4 nr. 


6tx p 


(1 + 3 cos' 0) 


.(2.26) 
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Thus, the three is |»io| M *' ,i ‘ , " i ' 110 7' 

3.) Intoi notion boiwoon non-polar molcc urc /cro . Since the electrons. 

The lime average elect lie moments o ^ , oWCSt electronic state, this motion gi Ves ^ 

Die lotationnl motion tuotnul the nm let molecule. A momentary dipole moment of j 

momentary eleetiie dipole tnotm nt 1,1 ,l molecule. Canscquently the electric dipoles give 4 i Tht 
molecule p.oduees an electric lie m «r ' gimi , ar lo , ha t used in the previous case, it ' j a» 0. 

» [hc scvcn,h power of the " s “ n S ; 


two molecules. 


Numerical Examples 


Example 2.1 _ 

Calculate the Winder Mails constants for dry air. given that T e - IJ- A. l c - atmosph^ 
<uid ti per male * R2.07 cm ' atmas K \ < Na RP» r 2005,200, 


Sot 


Hci 


Solution, (liven: 


(0 


l\ = 37.2 atmospheres 
T c = 132 K 

K = 82.07 cm - ' atmos K 1 


a 


1 *> 

27 y 

s 64 /* 


/27 \ (82.07) 2 (132) 2 
\ 24 / 37.2 

a = 13.31 x 10* atmos cm 6 


Ex 

Vci 
Hf w 
respe 
tempi 
Sc 


00 


b = 


El 

8/‘ 


82.07 x 132 
8 x 37.2 

b = 36.41 cm J 


or 


Ht 


Example 2.2 

Calculate critical temperature for C0 2 , given that a-0 MX 7 A 6 

2 h mat a - 0.00674 atmos, an and b = 0.0023c 

Solution. Critical temperature is given by (Nagpur 2007 SlmlU 


given by 

7' = 

21 Rb 


To evaluate the value of nr.,^ 2 7/?6 

’ uiccu,ar voiu,iK “ °” c ot ° f 1 a,mos P here f ° raf 


Si 


P+ $ (V-6) . 


abstituting the values, 

(1,00874^.. r 
\ + J J d-0.0023) s 


RT 


fix 273 


T1 


fi = LQ0874XO9977 
27T- 


Qr'onnorl V\\t o im Qr»onnap 










